Aim: The telomere is a structure present at the ends of chromosomes, and is known to shorten with aging and successive rounds of cell division. However, very little is known about telomere attrition in post-mitotic cells, such as neurons.
Introduction
The telomere is a structure present at the ends of chromosomes, and is known to shorten with aging and successive rounds of cell division. 1, 2 The key role of telomeres is to stabilize chromosomes, protecting them from fusion, breakage or degeneration. The progressive shortening of telomeres with age might lead to genomic instability during the initial stage of tumorigenesis. 3, 4 A study of telomere length in blood cells of individuals aged ≥60 years has suggested that those with longer telomeres might have greater longevity. 5 Telomere length has been measured in various human organs and tissues using several different techniques, including Southern blotting, 6, 7 quantitative polymerase chain reaction amplification 5, 8 and quantitative fluorescence in situ hybridization (Q-FISH). [9] [10] [11] [12] These analyses, including systematic studies by our group, have also shown specific rates of telomere attrition in replicating somatic cells. 6, 13, 14 It has been reported that telomere shortening is largely, if not entirely, dependent on cell division. 15 In contrast, very little is known about telomere attrition in post-mitotic cells, such as neurons and myocardial cells, 7, 16, 17 in which telomere shortening might not occur in the absence of mitosis. Mitotic activity in the central nervous system is generally low, and neurons are traditionally considered to be post-mitotic cells, most completing their cell division within infancy. 18 However, we have shown by Southern blotting that telomeres in the cortical gray and white matter show a reduction of length with aging, the rate being significantly higher in the latter. 19 In that study, however, we did not measure the telomere lengths of different cell types; that is, neurons and glial cells. In the present study using our original Q-FISH method, we analyzed telomere lengths in the three cell types present in the central nervous system; that is, neurons and the two types of glial cells in the gray and white matter. Statistical analysis showed that the telomeres of glial cells were shorter than those of neurons in adults, but not in infants. These results are considered to indicate that the telomeres of neurons remain stable throughout life, whereas those of white matter glial cells become significantly shorter with age.
Methods

Participants
We analyzed 25 sets of autopsy specimens from 16 male and 9 female infants (n = 7, 6 males and 1 female, 0-5 years) and adults (n = 18, 10 males and 8 females, 18-93 years). No pathological findings were evident in the central nervous system, either clinically or anatomically.
Cerebral tissues were obtained from the occipital lobe including both the cortical gray and white matter in a consecutive autopsy series (Japanese Red Cross Medical Center, Hiroo, Tokyo), omitting any cases showing post-mortem degeneration or pathological findings on macroscopic and histological examination.
Approval for the study was obtained from the ethics committees of Tokyo Metropolitan Institute of Gerontology (No. 28-5961) and the Japanese Red Cross Medical Center (No. 723), Tokyo.
Tissue processing and histological assessment
Samples were fixed in 10% buffered formalin, and then subjected to standard tissue processing and paraffin embedding. Tissues were sliced into sections 2-μm thick for hematoxylin-eosin (HE) staining and Q-FISH.
For histological examination, the slides were checked for postmortem degeneration and/or any pathological findings by specialist authors (JA, JF, MF). Tissues showing degeneration and/or pathological findings were omitted.
Q-FISH using tissue sections
The histological slides were processed using the Q-FISH method, as reported in detail previously. [20] [21] [22] Tissue sections were hybridized with PNA probes for the telomere (telo C-Cy3 probe: 5 0 -CCCTAACCCTAACCCTAA-3 0 ; catalog number F1002; Fasmac, Atsugi, Japan) and the centromere (Cenp1-FITC probe: 5 0 -CTTCGTTGGAAACGGGGT-3 0 ; custom-made, Fasmac) and the nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR, USA).
Telomere image analysis Q-FISH digital images were captured by a charge-coupled device camera (ORCAER-1394; Hamamatsu Photonics KK, Hamamatsu, Japan) mounted on an epifluorescence microscope (80i; Nikon, Tokyo, Japan) equipped with a triple band-pass filter set for 4 0 ,6-diamidino-2-phenylindole/fluorescein isothiocyanate/cyanine 3 (Part#61010; Chroma Technology Corporation, Rockingham, VT, USA) and a ×40 objective lens (Plan Fluor 40 x/0.75; Nikon).
Microscope control and image acquisition were carried out using the Image-Pro Plus software package (version 7.0; Media Cybernetics, Silver Spring, MD, USA). The captured images were analyzed using our own original tissue analysis software, "TissueTelo Ver. 3.1", which can calculate the telomere : centromere ratios (TCR) in individual nuclei automatically, as reported previously. [20] [21] [22] TCR were analyzed in neurons and glial cells of the cortical gray and white matter, separately.
TCR normalization using a cell block
As a control for variations in sample preparation, we also carried out Q-FISH on a cell block-section of a cultured cell strain, TIG-1, 23 placed on the same slides with the cerebral sections. TIG-1 had been subcultured (population doubling level 34) and had a telomere length of 8.64 kbp as measured by Southern blot analysis. Every TCR for target cells was divided by the mean TCR for the cell block on the same slide to give the normalized TCR.
Statistical analyses
The normalized TCR of the three cell types were compared, both within individual cases and between cases, using Student's t-test and paired t-test. Correlations were analyzed using Pearson's correlation coefficient test and single regression analysis. For all comparisons, differences at P < 0.05 were considered to be significant.
Results
Histological studies
In HE-stained sections of the occipital lobes, the gray matter consisted of neurons and glial cells surrounded by the neuropil (Fig. 1a) . In adults, neurons had polygonal cytoplasm and a large nucleus. Deposition of lipofuscin could often be confirmed in the cytoplasm. The nuclei of glial cells were mostly small, but large nuclei were also confirmed in histological sections. The white matter was homogeneous, and composed primarily of neuronal axons and oligodendrocytes producing the myelin sheaths (Fig. 1b) .
In specimens from infants, the neurons had no lipofuscin deposits and were smaller than those in adults; they were sometimes difficult to distinguish from glial cells (Fig. 1c) . The white matter was homogeneous and composed primarily of neuronal axons and oligodendrocytes producing the myelin sheaths. Small nuclei of glial cells were scattered among the axons (Fig. 1d) .
FISH imaging
The Q-FISH images are shown in Figure 2 . In the Q-FISH images, we marked neurons and glial cells in the gray matter separately by comparison with HE-stained sections. Large polygonal cells with large nuclei were considered to be neurons, whereas small cells with scant cytoplasm were considered to be glial cells. Cells that could not be judged as neurons or glial cells on the basis of nuclear size were not marked or measured. Because the nuclei of protoplasmic astrocytes could not generally be distinguished from those of small neurons in HE-stained sections, they were also difficult to distinguish in Q-FISH images. 24 In the white matter, it is usually difficult to distinguish fibrillary astrocytes from oligodendrocytes. 24 We carefully avoided marking the nuclei of endothelial cells, but all other nuclei were marked as glial cells.
In the present study, however, we did not carry out differential measurement of telomere lengths among various types of glial cells; for example, oligodendroglia, astrocytes, microglia and so on.
Comparison of telomere lengths of three cell types within individuals
In the adult group (n = 18), telomeres of neurons were longer than those of glial cells in the white matter in 14 individuals (77.8%), whereas in the remaining four individuals, the difference was not significant. Telomeres of neurons were longer than those of glial cells in the gray matter in nine individuals (50.0%), but the difference was not significant in the remaining nine individuals. Telomeres of glial cells in the gray matter were longer than those in the white matter in 10 individuals (55.6%), and in one individuals (5.6%), they were shorter in the gray matter than in the white matter. The difference was not significant in the remaining seven individuals. Relative telomere lengths and differences among three cell types within individuals are shown in Table 1 .
Correlations between age and telomere length in participants overall and in adults
In the participants overall (n = 25), there was no clear tendency for age-dependent telomere attrition in neurons, but such a tendency was evident in gray matter glial cells and significant age-dependent attrition was evident for the telomeres of white matter glial cells. Reduction rates were 12, 124 and 128 bp per year in neurons, and in glial cells of the gray and white matter, respectively (Figure 3a) .
However, in adults (n = 18), there was no significant correlation between telomere length and age in neurons (P = 0.3210), or in glial cells of the gray (P = 0.3521) and white (P = 0.7691) matter (Fig. 3b) .
Comparison of telomere lengths in the three cell types
The mean telomere lengths in the three types of cells were analyzed for the participants overall (n = 25; Fig. 4a) , and in infants (n = 7; Fig. 4b ) and adults (n = 18; Fig. 4c ).
The telomeres of neurons were the longest, followed in decreasing order by those of glial cells in the gray matter and glial cells in the white matter, in both the participants overall and in adults. In contrast, there were no significant differences in telomere length among the three cell types in infants.
Discussion
The present study clarified four main points: (i) among the three types of cells examined in the nervous system of adults, neurons had the longest telomeres and did not show age-related attrition; (ii) the telomeres of glial cells in the white matter showed agerelated attrition; (iii) the tendency for telomere attrition in glial cells was more obvious in the white matter than in the gray matter; and (iv) telomere length did not differ among the three cell types in infants.
We will discuss each of these findings in turn. Glial cells are known to be capable of mitosis, and a scientific understanding of whether neurons are permanently postmitotic, 18 or capable of mitosis, 25, 26 is still developing.
The cerebral cortex contains larger neurons, together with smaller astrocytes, oligodendrocytes and other types of glial cells in an abundant neuropil, with a fine amorphous eosinophilic background. 24 By observation of HE-stained sections, lipofuscin granules were evident in the cytoplasm of neurons in adults, suggesting a degree of cellular exhaustion. However, measurement of the telomere length of neurons showed no telomere shortening. Our data support the notion that neurons are postmitotic cells that largely complete their cell division within infancy. 18 In contrast, there is a possibility that the methodology we used to measure telomere length by Q-FISH was unable to detect telomere shorting, as the degree of attrition might have been very small and mitoses infrequent. Glial cells are known to be capable of mitosis, and as aforementioned, scientific understanding of whether neurons are permanently post-mitotic, 18 or retain the capability for mitosis, 25, 26 is still controversial.
Although the present data showed that telomere attrition does not occur in neurons, it has been hypothesized that individuals with longer telomeres might have a longer lifespan, as discussed later. 5 In our previous study of the brain using Southern blotting, regression lines of telomere length in the gray and white matter descended according to age, although a statistically significant relationship between telomere length reduction and age was observed only in the white matter. 19 In that study, most individuals had longer telomeres in the gray matter than in the white matter. In the present study, neurons did not show telomere reduction with aging, and a tendency for telomere reduction in the gray matter revealed by Southern blotting resulted from the age-related reduction of telomere length in glial cells. Therefore, telomere attrition in the gray matter was attributable to that occurring in the various types of glial cells. 19 The gray and white matter contain many types of glial cells. In the gray matter, astrocytes and microglia are diffusely distributed in the neuropil, and oligodendrocytes often surround neurons. Generally speaking, the white matter consists mostly of axons, many oligodendrocytes that enwrap them in the form of myelin sheaths, and far fewer fibrillary astrocytes that interact with oligodendrocytes to promote myelination. 24 In the present study, we were unable to accurately distinguish the various glial cell types. We considered that the telomere lengths we measured in the gray matter reflected that of an admixture of astrocytes, oligodendrocytes and microglia. In the white matter, we measured the telomere length of glial cells, which were likely mainly oligodendrocytes.
A more obvious tendency for age-dependent telomere attrition was evident in the white matter, due largely to that occurring before adolescence. This indicated that telomere attrition was more rapid in the white matter than in the gray matter, and that the turnover time of glial cells differed between the two. Active proliferation of glial cells during myelination might explain the significant change in their telomere length.
In the present study, no attempt was made to differentiate between glial cell types. Therefore, we are unable to consider the turnover time or mitotic rates of these different glial cell types. However, the mitotic activity of oligodendrocytes, the main type of white matter glial cell, might contribute to significant telomere shortening. In fact, active myelination continues from the late embryonic stage until adolescence, a period in which oligodendrocytes are considered to be proliferating. 27, 28 The present results are compatible with the physiological developmental process of the cerebral white matter. Our previous measurement of telomere length in neonates showed no significant difference between the gray and white matter, although older individuals aged in their 60s, 70s, 80s and 90s always showed significant differences in telomere length between the gray and white matter. 19 In the present study, infants (n = 7, aged 0-5 years) showed no significant differences in telomere length among the three cell types. Therefore, telomere attrition in glial cells might occur after birth, whereas the telomere length in neurons at birth might be maintained throughout life. Our previous study 29 added fundamental support to the hypothesis that longer telomeres protect the genome from genetic instability and are beneficial for longevity. 30 Further studies of aged individuals with long telomeres who have lived beyond the peak age range for neoplastic diseases might provide some useful clues to the factors underlying human death and longevity. 19 However, due to the small number of our adult samples, we were unable to demonstrate conclusively that neurons in individuals who have died in older age have significantly longer telomeres than those who have died at a younger age.
In conclusion, telomere shortening in the gray matter was considered to reflect that in glial cells. Continuous telomere attrition with aging in the white matter supports the notion of maturation due to myelination by glial cells after birth. The present findings obtained using normal cerebral tissues are considered to be an important foundation for subsequent studies. Confirmation of telomere stability in neurons, even in various diseases (e.g. Alzheimer's disease), is the next issue to be considered.
